ABSTRACT A technique for the solid-phase conjugation of ferritin to monovalent antibodies (Fab-fragments of immunoglobulin G) is described in which Fab-fragments from sheep antiserum to rabbit Fab-fragments are first adsorbed to Sepharose containing insolubilized rabbit immunoglobulin G, and subsequently allowed to couple with ferritin previously activated with toluene-2,4-diisocyanate. The conjugate, after elution from the adsorbent, is separated from free ferritin and unconjugated Fab by gel chromatography. We have used this conjugate as a common second-step reagent for the surface localization of intracellular antigens on thin sections of tissue embedded in albumin. The first-step reagent consists of specific rabbit antibodies (IgG) directed against the tissue component under study. An example of the use of this technique for the localization of trypsinogen in bovine exocrine pancreatic cells is given.
Recently, several reports have been published concerning the use of immunocytochemical procedures for the intracellular localization of antigens by electron microscopy. These procedures fall into two categories: (i) diffusion techniques, in which tagged antibody or Fab-fragments are allowed to penetrate fixed cells, the antigenic sites being revealed by an enzymatic product generated by the tracer (1-3), and (ii) surface localization of antigens on thin sections of cells embedded in plastic or protein (4, 5) with tagged antibodies. The latter technique should be particularly useful for detection of antigens enclosed in membrane-bound compartments, since during sectioning compartments are opened, diffusion barriers are removed, and antigenic sites are exposed to tagged antibodies. Although surface localization procedures have been applied to both cells embedded in plastic and protein, protein embedment, recently described by McLean and Singer (4) offers the advantage of subjecting the antigen conformation to less alteration than procedures that use organic solvents and matrices; this method also yields sections with hydrophilic surfaces, which are essential when ferritin-tagged antibodies are used.
In practice, however, several difficulties have been encountered in the use of material embedded in protein and ferritinconjugated antibodies. They include: (i) variable or unknown losses of antigenicity caused by the primary fixative; (ii) difficulties in preparation of thin sections of crosslinked protein blocks; (iii) inactivation of the antibody during conjugation with ferritin, due most likely to coupling with or masking of the active site; and (iv) unpredictable nonspecific staining when total IgG is coupled to ferritin and used for direct localization.
In this report, we describe our attempts to overcome these problems and illustrate the results obtained with an improved technique by the localization of trypsinogen in bovine pancreas.
MATERIALS AND METHODS
Antigens and Reagents. Rabbit and sheep Fab-fragments were prepared by published procedures (3, 6 (3) , although the converse effect has not been examined. To obtain quantitiative data on the latter effect, immunoadsorbents consisting of trypsinogen insolubilized to agarose were exposed to increasing concentrations of glutaraldehyde for 16 hr at room temperature and, after removal of unreacted fixative, were tested for their ability to extract anti-trypsinogen antibodies from rabbit antiserum to trypsinogen. The results, based on amounts of antibodies subsequently eluted, showed that the immunoadsorbent capacity was reduced by 42, 48, and 55% by glutaraldehyde concentrations of 0.5, 1.0, and 2%, respectively.
Fixation Schedule and Protein Embedment. Based on the above data, 0.5% glutaraldehyde was chosen both for primary fixation of the bovine pancreas and for subsequent crosslinking of the albumin embedding matrix.
Calf pancreas was diced and fixed in 0.5% glutaraldehyde in 0.1 M Na phosphate, pH 7.4-5% sucrose for 2 hr at 40, after which it was washed in 0.1 M Na phosphate, pH 7.5, transferred into 1.5 ml of 30% crystalline bovine plasma albumin in the same buffer, and, for convenience, soaked in the protein solution for 16 hr at 4°. The protein solution containing the tissue was then placed in a transected glass bottle [4 X 1.8 cm (inner diameter)], the mouth of which was covered with dialysis membrane retained by a plastic snap cap, whose center was cut out. The membrane-covered end of the bottle was placed in Aquacide II and allowed to dehydrate for 24 hr until the protein formed a firm pellicle. Subsequently, the covered end of the bottle was immersed in 0.5% glutaraldehyde in 0.1 M Na phosphate, pH 7.5, for 16 hr at room temperature in order to allow the fixative to penetrate the dialysis membrane and crosslink the albumin to a depth of 2 mm. The crosslinked disc was washed in phosphate buffer, cut into strips containing pieces of tissue, and desiccated overnight. The strips were then mounted with Epoxy cement to Epon dummy blocks, and then sectioned with a diamond knife. Sections having silver to gold interference color (about 80-nm thick) were harvested on Formvar-and carbon-coated grids and stored dry.
We should mention that albumin blocks crosslinked in 0.5% glutaraldehyde are much easier to thin-section than blocks crosslinked with either 1 or 2% glutaraldehyde.
Localization sequence
We have used an indirect localization procedure in which the thin sections are exposed to specific rabbit antibodies, followed in a second step by a visualization reagent consisting of ferritin-tagged sheep Fab-fragments directed against the rabbit antibodies used in the first step.
First The first-step reagent was prepared as follows. 10 ml of antiserum to trypsinogen was adsorbed onto 6 g wet weight of Sepharose-4B-trypsinogen. After a wash with 0.1 M Tris, pH 7.5, specific antibodies (about 30 mg) were eluted with 3.0 M NaSCN in 0.01 M Na phosphate, pH 6.0, then concentrated to 5 mg/ml and dialyzed into Tris buffer with an Amicon Ultrafiltration cell (Amicon Corp., Lexington, Mass.). The solutions were stored at -20°until used; they were then FIG. 2. Micrograph of a thin section of a bovine exocrine pancreatic cell embedded in albumin and cut through the Golgi region. Section reacted with 2.5 mg/ml of rabbit antibodies to bovine trypsinogen, followed by ferritin-labeled sheep Fab-fragments prepared from serum containing antibodies to rabbit Fab-fragments. Note ferritin staining over Golgi cisternae (arrows), condensing vacuoles (cv), and a zymogen granule (z). Poststained with uranyl acetate and lead citrate. X72,000. Thin section of bovine exocrine pancreas reacted in the first step with nonspecific IgG (rabbit antiserum prepared against human IgA, 2.5 mg/ml). Note absence of specific ferritin staining over zymogen granule (z) and the light background over the nucleus (arrows) and collagen (insert). (r), attached and free ribosomes. X43,000; inset; X55,000. centrifuged (200,000 X g for 20 min), and checked for specificity by immunoelectrophoresis and double diffusion in agar. They formed a single line when reacted against bovine pancreatic juice, and were devoid of cross reactivity with chymotrypsinogen A at concentrations equivalent to those producing strong precipitation lines with trypsinogen. Minor crossreacting antibodies present in whole antiserum were eliminated by affinity purification. Second-Step Reagent. Available procedures for the preparation of ferritin-tagged antibodies led to partial loss of antigencombining activity (9) . Our conjugation procedure should overcome this problem since, during ferritin conjugation, the antigen-combining site is involved in a specific interaction with antigen insolubilized to a solid phase and, accordingly, it is not accessible to activated ferritin. Our second-step reagent also consists of ferritin-tagged sheep Fab-fragments prepared from serum containing antibodies to rabbit Fabfragments* and, as will be seen, the solid-phase conjugation procedure provides for the simultaneous extraction and purification of specific Fab-fragments. While active ferritintagged sheep IgG prepared from serum containing antibodies to rabbit Fab can also be produced with our procedure, use of such conjugates resulted in considerably higher backgrounds than were obtained with tagged Fab, although attempts to adsorb out this background were not made.
In detail, the first step in the conjugation procedure consists of charging the immunoadsorbent with specific sheep Fab prepared from serum containing antibodies to rabbit Fab. 20 ml of sheep antiserum to rabbit Fab is digested for 24 hr at 370 with 75 mg of papain (6) . At this stage, the undigested residue of IgG is <5%. The digest is then shaken at room temperature for 3 hr with 5 g wet weight of Sepharose 2B covalently linked to rabbit gammaglobulin. During this time, the specific Fab-fragments interact with the insolubilized antigen; subsequently, extraneous proteins and nonspecific Fab are washed from the slurry with 0.1 M Na phosphate, pH 7.5, until the Am0nm of the effluent is <0.01.
About 40 mg of specific Fab-fragments are adsorbed to the matrix. The charged Sepharose is then equilibrated with r/2 = 0.1 Na borate buffer, pH 9.5, and 200 mg of ferritin, previously activated with 0.2 ml of toluene-2,4-diisocyanate in r/2 = 0.1 Na phosphate, pH 7.5 (10) , is added in a volume of 5 ml. Conjugation is allowed to proceed at 370 for 1 hr. The slurry is then washed with 0.1 M Tris, pH 7.5, until the Ams of the effluent is <0.01; this procedure removes most of the unconjugated ferritin. The conjugate is eluted with 3 X 10 ml of 3 M NaSCN in 0.01 M Na phosphate, pH 6.0, containing 0.1 M (NH4)2CO8, concentrated to 0.5 ml by pressure filtration, dialyzed into 0.1 M (NH4)2CO3, and applied to a Bio-Rad A 1.5-im column for purification (11) .
The elution profile is shown in Fig. 1 . The first peak was divided into two fractions, which were analyzed by immunoelectrophoresis. Fraction I contains the conjugate, as revealed by the coincidence of precipitin lines produced by antisera to ferritin and sheep Fab-fragments; this fraction also contains a small amount of free ferritin, but no free IgG or free Fab. Fraction II contains free ferritin and IgG derived from the front of the second peak, which consists of undigested IgG. This peak (fraction III) also contains a small amount of free ferritin. The third peak (fraction IV) represents unconjugated Fab. The recovery of Fab in the conjugate is about 5% of that initially adsorbed.
Since Fab is univalent, the conjugates in fraction I were checked in vitro for retention of immunologic activity by determination of their ability to fix onto precipitin lines formed between rabbit antiserum to trypsinogen and bovine trypsinogen. Fixation was detected by the Prussian blue reaction. While the rabbit IgG lines stained intensely, precipitin lines formed on complexes not containing rabbit IgG were negative.
An estimate of the molar composition of the conjugates was made by radial immunodiffusion (12) and spectral measurements of total protein and ferritin iron content (13) . The data indicated that up to 3 Fab molecules are associated with each ferritin molecule. This proportion is consistent with the degree of activation of ferritin by toluene-2,4-diisocyanate.
Finally, in preparative runs, fraction I from the agarose column was concentrated to 1 ml (corresponding to 2 mg of ferritin), dialyzed into 0. Fig. 3 . The cytoplasmic matrix and mitochondria are generally negative as are other cellular elements in the tissue, such as erythrocytes, centroacinar and duct cells, and islets of Langerhans. Fig. 5 is from a control grid reacted in the first step with nonspecific IgG. Note the low background over the cytoplasm and the slight amount of nonspecific labeling of the nucleus and collagen.
Discussion
Our solid-phase conjugation procedure provides for the simultaneous extraction and purification of specific Fabfragments before conjugation and, in principle, should protect the antigen-binding site during coupling with ferritin. While we have no direct evidence that such protection takes place, it is clear that our conjugates retain good activity, as determined by in vitro fixation tests. Attempts to test this hypothesis directly by comparison of conjugates prepared by the usual batch procedure with our solid-phase conjugates failed because the conjugates prepared by the batch procedure nonspecifically stained precipitin lines. The main difficulty encountered with this technique has been the variable, and usually high, background staining that arises at two levels: nonspecific interactions between the section and the immunologic reagents and the tendency of the reagents to aggregate. The nonspecific interactions are largely circumvented by the use of a hydrophilic embedding matrix (4) and by protein conditioning of the grid, while the aggregation can be reduced by the use of dilute purified IgG preparations in the first step and Fab-ferritin conjugates in the second step. Finally, since a common visualizing reagent is used in the indirect procedure, each specific antibody need not be conjugated to ferritin, as is required in a direct technique.
The use of bovine exocrine pancreatic cells provides a well-defined model (14, 15) on which to validate immunocytochemical procedures for localization of antigens in complex cell types. So far, our results on trypsinogen localization show this secretory protein to be present in the expected cell compartments (16) , and to be absent or low in the cell sap. That all zymogen granules appear to contain trypsinogen would, in addition, tend to rule out specialization of product packaging, at least for this proenzyme.
